Abstract -Recent synthetic and structural studies of metallacarborane derivatives containing aluminum and silicon are described. These new compounds formally incorporate the nido- [7,8 -C2B 9H i (dicarbollide), nido-[6,9-C2B8H and nido-[2,7 -C2B 6H8]2 carborane ligands. The reversible, thermal dimerization of 3-Et-3,l,2-A1- 
INTRODUCTION
Our ongoing studies of metallacarborane derivatives containing main group elements have recently lead to the synthesis and structural characterization of a number of new aluminum-containing metallacarboranes. The chemistry of these unusual species has turned out to be both surprising and diverse; and patterns of structure and reactivity for this class of compounds are beginning to emerge. Several unusual rearrangement reactions have been now elucidated and novel bonding modes which were previously unprecedented in the chemistry of aluminum have been observed. In addition, the concepts and methodologies developed through the study of aluminacarboranes have been extended to the chemistry of other elements with significart success, most notably in the recent synthesis of the first formal silicon(IV) sandwich compound (ref. 1) which is described herein. A significant feature of the chemistry of aluminacarboranes appears to be the diversity of bonding modes which are possible between aluminum and various carborane cage aluminum-to-carbon carborane cage interactions (refs. 5, 6) , have now been documented. In addition, the occurrence of fluxional solution behavior for several of these species, which appears to be characteristic of these compounds, has been observed (refs. 2, 3, 5, 6, 7) . The variety of potential bonding modes accessible to aluminum in aluminacarborane clusters, coupled with their high reactivity and fluxional lability, is descriptive of the chemistry of these unusual species.
Aluminacarboranes are also of interest as reagents for the synthesis of other metallacarboranes since they are both soluble and possess suitably high reactivity. Viewed in this way, the aluminum atom can be regarded as a "sacrificial vertex" in transmetallation and other reactions leading to new cluster complexes which may be unobtainable by other methods. Thallacarboranes (ref. 8) have served as valuable synthetic reagents in recent years. The efficacy of using carborane reagents derived from main group dcments in the synthesis of new metallacarboranes has been demonstrated by Hosmane with the use of a stannacarborane in the high yield synthesis of an unusual osmacarborane complex (ref. 9) . More recently, Jutzi has exploited this methodology with the use of an aluminacarborane reagent in the preparation of several main group element-containing carborane derivatives (ref. 10) . This potentially important use of aluminacarboranes and other main group element carborane derivatives remains largely unexplored.
Synthesis and characterization of icosahedral aluminacarboranes of the general type closo-3-R-3,1,2-A1C2B9H11 (R = Me, 1; Et, 2), as well as the gallacarborane analogue of 1, closo-3-Me-3 ,1,2-GaC2B9H11 have been described previously (ref.
2). The synthesis of these compounds is illustrated in Scheme 1. Initial reaction of nido-7 ,8 -C2B 9H13 with the corresponding ER3 reagent ( E = Al, Ga; R = alkyl ) in aromatic solvent results in the formation of relatively stable, isolable exo-nido metallacarboranes with concomitant loss of one equivalent of alkane. The structure of exo-nido-i-9,10-AlMe2-.t-(H) 2-7,8-C2B9H10, formed by reaction of nido-C2B 9H 13 with AlMe3, has been determined by X-ray diffraction (refs. 2a, b) . Important structural features of these exo-nido species are the presence of a residual B-H-B bridging moiety and the connectivity of the dialkylaluminum moiety to the carborane cage via B-H-Al bridging groups. Upon heating, loss of a second equivalent of alkane occurs resulting in formation of the closo products. The structure of 2 has also been determined by X-ray diffraction (ref. 2b, c) . While these closo metallacarboranes are air-and moisture-sensitive, they possess considerable thermal stability. Heating 2 at 400°C in vacuo, conditions under which aluminum alkyls commonly undergo 13-elimination, results only in polyhedral rearrangement of 2 to the corresponding 2,1,7-isomer, as shown in Scheme 1. Compound 2 exhibits Lewis acid behavior, forming adducts with a variety of Lewis bases (refs. 2b, 3, 10) . Synthesis of 2•(THF)2, from which THF could not be removed in vacuo, has been reported (ref. 11).
It has been discovered recently that 2 possesses catalytic reactivity for the polymerization of olefins and exchange of carborane B-H and hydrocarbon C-H hydrogen under mild conditions. The details of this chemistry will be described elsewhere (ref. 3).
ALUMINACARBORANE MONOMER-DIMER EQUILIBRIA When benzene or toluene solutions of 2 are heated at 80 °C in a sealed NMR tube, a new aluminacarborane species can be detected which exists in equilibrium with 2 under these conditions. Solution molecular weight measurements of this new species (refs. 3, 4) , which can be isolated in pure form by preferential sublimation of 2, prove it to be a dimer of 2. The molecular structure of this species has now been determined by a single-crystal X-ray diffraction study, showing this species to be a novel bis(iidicarbollide)aluminum sandwich complex, commo-3,3'-Al[exo-8,9-(i-H)2-Al(C2H5)2-3,1 ,2-A1C2B9H9)(3',2',1'-A1C2B9H1 i)] (3). The structure of this complex, a formal dimer of 2, is shown in Figure 1 . This compound can also be formed by catalytic action of CO on 2. In addition to X-ray crystal structure analysis, 3 has been characterized by a combination of I and 11 NMR and JR spectroscopy. The presence of a single, relatively sharp, carboranyl C-H resonance in the 1H NMR spectrum as well as the apparent symmetry of the 11 NMR spectrum is indicative of the occurrence of a fluxional process in solution. This process apparently involves cage rotation about the metal-carborane axis as well as a facile, intramolecular "cage walking" of the distal diethylaluminum moiety about the polyhedral carborane ligands. Intermolecular exchange of the distal diethylaluminum moiety is also possible and cannot be be ruled out on the basis of existing data. The dynamic behavior of 3 appears to persist even at -80 °C as indicated by a lack of any significant change in 1H and 11B f 1H} NMR spectra acquired at this temperature.
Complex 3 represents an unusual example of a complex which contains a non-transition element in its highest oxidation state bonded between the parallel faces of two planar itdonor ligands. While sandwich compounds based on main group elements are known [e.g. Sn, Pb (ref. 14) ], these are 14 interstitial electron systems involving central atoms which possess a non-bonding electron pair. Complex 3, on the other hand, contains a formal Al(III) atom. The central aluminum atom in 3 is bound nearly symmetrically with respect to the five atoms in each of the C2B3 bonding faces of the two dicarbollide ligands. As each of these ligands is regarded as a 6-electron donor, the central aluminum atom formally has 12 electrons in its valence shell. There are no significant distortions in the structure of 3 which might be indicative of the presence of nonbonding electrons localized on the central atom. Thus, 3 represents a 12 interstitial electron system and the first commo-[Ne]-core main group element sandwich complex, as well as the only aluminum sandwich complex, of which we are aware.
The discovery of the novel reactivity for compound 2 mentioned above, has prompted attempts to prepare other aluminacarborane compounds derived from polyhedral carborane cages other than the dicarbollide cage. In an effort to prepare an elevenvertex analogue of 2, reaction of diethylaluminum chloride-diethyl etherate with one equivalent of Na{5,6-C2B 8H11} (ref. 15) was carried out. This reaction takes place in refluxing toluene to give nido-[g.t-6,9-A1Et(OEt2)-6,9-C2B8H10] (4) as described by Equation 1
(ref. 5). Purification of the reaction product by high vacuum fractional distillation affords 4, a colorless, air-and water-sensitive liquid, in 77% yield. Fortuitously, crystals of a benzene solvate of 4 (mp 28-30 °C) can be obtained by careful recrystallization from benzene-pentane.
The structure of 4 has been determined by a single-crystal X-ray diffraction study of 4• 1/2(C 6H 6). This structure is shown in Figure 2 . The polyhedral portion of 4 can be described as a nearly regular octadecahedron in which no one unique open face is present. The aluminum atom occupies a position on the pseudo-twofold axis of the cluster, being nearly equidistant from the four boron atoms as well as the two carbon atoms of the six-membered face of the carborane fragment, and thus can be regarded as occupying the eleventh octadecahedral vertex. The carboranyl carbon atoms occupy the 6-and 9-positions of the [C2B 8H io12 ligand in agreement with observed spectroscopic data obtained for this species. The angles through the metal and between the two exopolyhedral substituents, and between the two carboranyl carbon atoms are roughly those anticipated for the accommodation of the tetrahedral bonding geometry of aluminum.
The aluminum-boron interatomic disiances average 2.51 A, while the aluminum-carbon distances average 2.03 A. Structure of nido-[6,9-t-AlEt(OEt2)-6,9-C2B8H10J, 4, with hydrogen atoms omitted for clarity.
Rationalization of the observed geometry of 4 involves a description of the formally dianionic [6,9-C2B8H10]2 cage as a nido 2-ligand. This ligand can be viewed as donating four electrons via two carbon-based orbitals directed at two formal coordination sites of the tetrahedral aluminuii ceter. The aluminum atom with its substituents can be regarded as a bridging, exopolyhedral moiety that does not participate in the polyhedral framework of the formally nido cluster. Figure 3 . The overall geometry of [5 1 is that of two octadecahedral clusters which share their unique vertex positions. The aluminum atom occupies this unique position common to both cages and is surrounded by a roughly tetrahedral array of four carbon atoms, each of which in turn occupies an apical position in one of two 6,9-C2 B 8H10 carborane moieties. The four aluminum-carbon interatomic distances average 2.06 A while the eight aluminum-boron distances average 2.53 A. Bonding in [5} can be rationalized in a manner similar to that used for complex 4. The geometry and interatomic distances suggest that the aluminum atom participates in four sigma bonds with the nearby tetrahedrally disposed carbon atoms. The relatively long Al-B distances indicate an absence of direct bonding between aluminum and the nearby boron atoms. In this bonding picture, each of the 6,9-C2B8H10 cluster fragments are formally regarded as dianionic nido carborane cages which each donate four electrons via two carbon-based orbitals to sp3 hybrid orbitals of the formal Al(III) metal center having suitable symmetry. This bonding description allows the [51 anion to be regarded as a spiro-aluminate complex.
The mechanism by which [5] is formed is not known, but undoubtedly involves successive loss of NaC1 and elimination of two moles of ethane. Migration of the carbon atoms to the 6-and 9-positions of each nido-C2B 8H10 cage is, as with compound 4, the expected thermal rearrangement for this system. Recently, in an attempt to obtain an aluminum-dicarbazapide ligand derivative, the reaction of the diethyl ether solvate of Na[1,3-C2B 7H 12] with diethylaluminum chloride was examined. The reaction of these species in refluxing toluene in a 2:1 mole ratio, respectively, results in the unexpected formation of the unusual bis(carboranyl)aluminate complex, Na[Al(T12-2,7-C2B6H8)21 (Na[6]) (ref. 7). This salt, an air-sensitive, white, crystalline solid, was isolated in 42% yield.
Since the structure of Na [6] could not be determined on the basis of spectroscopic data alone, a single crystal X-ray study of this compound was undertaken. This study revealed two crystallographically independent forms of [6]-which were found to be enantio- chemically identical with the exception of chirality they will be discussed here as one complex. The aluminum center in [6] -is surrounded by a distorted tetrahedral array of four carboranyl carbon atoms, the two metal-ligand C-Al-C angles being nearly equal and averaging 82.14°. The four Al-C bond lengths are also nearly equal and average 2.020 A.
The shortest Al-B interatomic distances are those to the boron atoms in the ligand 3 positions which average 2.280 A. The interatomic distances between the aluminum center and the four boron atoms which occupy the 6 and 8 ligand positions are longer still, averaging 2.508 A.
Bonding in [6] is ostensibly similar to that in [5] as the formal nido-[2,7-C2B 6H8]2 ligand can be viewed as donating four electrons to the aluminum center via two filled carbon-based orbitals directed roughly at tetrahedral coordination sites on the metal. The relatively long aluminum-boron interatomic distances, as well as the coordination geometry around aluminum, suggests the absence of significant aluminum-boron bonding in this complex. like [5] , can be thought of as a spiro-aluminate complex.
Complex [6]-appears to display dynamic solution behavior as indicated by NMR studies.
Due to its asymmetry, this complex would be expected to give rise to six lines in the 11B { 1H) NMR spectrum. Room temperature 11B ( 1H} NMR spectra of toluene solutions of N a [6], however, exhibit only four relatively broad resonances at 22.1 (area 2), 7.6 (area 1), -13.8 ( area 1), and -32.0 ppm (area 2). The two area 2 resonances were assigned to the two pairs of boron atoms which lie off the local mirror plane of the 2,7-C2B6H8 cage.
These resonances are broad and do not show clean proton splitting without 1 decoupling. Upon warming the solution to 70 °C the four resonances sharpen and the three highest field resonances exhibit clear 1 coupling. The fourth low field area 2 resonance, however, remains broad. Upon cooling, the 1 1B NMR resonances become extremely broad and then sharpen again below -80 °C. At -90 °C, the 1 1B 1H) NMR spectrum exhibits five resonances, the highest field area 2 resonance being replaced by two area I resonances at -26.9 and -28.8 ppm. The low field area 2 resonance remains broad at all temperatures. The room temperature 1H NMR spectrum of Nat6] in toluened8 solution exhibits a single carboranyl C-H resonance at 2.96 ppm which sharpens 78% yield. This species is stable to dry air and soluble in most organic solvents, but is slowly decomposed by water. Compound 7 has been characterized by a combination of 1 1B, and 13C NMR, IR, and mass spectroscopy, as well as by a single-crystal X-ray diffraction study. The 1 1B NMR spectrum of 7 exhibits resonances attributable to a single type of dicarbollide ligand. The 1 NMR spectrum shows the presence of a single with hydrogen atoms omitted for clarity.
Interatomic distances (A): Si-C(1,2) = 2.22 A, Si-B(4,7) = 2.14 A, Si-B (8) 24), which are closely related to 7. Tue coninio-silicon member of this series has been characterized by X-ray diffraction and is structurally very similar to 7.
Studies of carborane derivatives containing main group elements are continuing in our laboratory. In addition to providing metallacarboranes which possess unusual reactivity and exhibit novel bonding modes of purely theoretical interest, these compounds may be valuable as reagents to provide carborane cage ligands in the synthesis of other new metallacarborane species or as reagents for the preparation of new materials. 
